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Abstract In recent years, distributed electrical power generation systems have attracted more attention
due to their small scale technologies, lower cost electricity generation and higher reliability and security
with fewer environmental consequences, rather than traditional power generators. Different applications
such as peak saving, cogeneration, remote power and premium power will make it more and more
useful. On the other hand, the permanent magnet synchronous generators, driven by micro turbines,
play an important role in the distributed power generation systems. These PM generators produce a high
frequency electrical power which needs to be converted to the usual power frequency, 50 or 60 Hz. This
conversion is usually done using a back to back combination of rectifier, DC-link and inverter. The main
focus of this paper is to present amodel for a voltage source rectifier which is connected to a PM generator
in a micro turbine unit, where Virtual Flux based Direct Power Control strategy is used to control the
mentioned rectifier. The simulation results, using Matlab/Simulink, are presented to show the validity of
the proposed model for the PWM rectifier, and to evaluate the performance of the control strategy.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Applications of AC–DC converters are increasing in industry,
commerce and house utility. Traditionally, the main parts
of converters have been the diodes and thyristors bridges to
rectify the AC power. These rectifiers have the advantages
of being simple, robust and having low cost. However, they
generate harmonics and reactive power in AC side, which
results voltage distortion, poor power factor at power supply
side and slowly varying rippled DC output at DC side.
Therefore, a three-phase PWM rectifier (Figure 1) is a more
interesting solution for industrial applications, since it has
more advantages such as adjustment and stabilization of DC-
link voltage, sinusoidal line current, power factor control and
bidirectional power flow [1–3].
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doi:10.1016/j.scient.2011.09.017On the other hand, micro turbine generator units, which
are high speed complex rotating machines, have attracted
more attentions during last decade, as high efficiency heat and
electrical power generators. They can produce electrical power
up to a few hundreds of kilowatts and a frequency of higher
than 1 kHz. This high frequency output power of high speed
permanent magnet generator has to be converted into the AC
power with constant frequency, 50 or 60 Hz, and voltage based
on the requirement of the load. There are several topologies
of AC–AC frequency changer such as matrix converter or
AC–DC–AC converter. In traditional converters, diode rectifiers
are used to convert the high frequency AC power to a DC power.
In this way, the input current of converter contains a lot of
harmonic componentswhichwill produce additional losses and
increase the temperature of the generator [4,5]. So to overcome
these drawbacks, in recent years, PWM rectifiers with different
control strategies are proposed [6–8].
The main goal of these various control techniques is to
reduce the current harmonic and regulate the DC bus voltage.
One of these techniques is the Voltage Oriented Control (VOC).
This technique is applied, beside an LCL passive filter, to
eliminate harmonic components [7]. But the VOC technique
needs abc to dq coordinate transformation, which makes it
complex. Moreover, VOC has internal current control loops.
evier B.V. Open access under CC BY-NC-ND license.
D.A. Khaburi, A. Nazempour / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 820–828 821Figure 1: Schematic diagram of a PWM rectifier with AC side.Figure 2: Schematic diagram of power generation by micro turbine unit.Consequently, the performance of the vector control highly
depends on the quality of the applied current control strategy.
On the other hand, the filters are quite costly, bulky and have
undesired losses, which reduce overall efficiency of the system.
In this paper, a PWMrectifierwithDirect Power Controlmethod
based on Virtual Flux is presented. This rectifier is connected to
a high frequency generator which is driven by a micro turbine
unit. The DC voltage is controlled in a closed loop, using PI
regulators. In order to achieve a better performance and to
avoid complexity, two PI regulators are used. One of these PI
regulators is used when the demanded power is low, and the
other is used for higher load power.
2. Micro turbine description
Micro Turbine Unit (MTU) is an example system which is
capable of delivering clean energy from a wide variety of fuels,
with high reliability and low emissions. An MTU system is
composed of a gas turbine, a compressor and an AC generator.
They are coupled on a single shaft to simplify mechanical
structure. These units are installed, from several kilowatts up
to megawatts and very high speed (up to 120,000 rpm). The
schematic diagram of power generation by a micro turbine
unit is shown in Figure 2. The generator produces very high
frequency three-phase voltages rating from 1500 to 4000 Hz.
For usual utilities, these voltages must be rectified and then
inverted to normal 50 or 60 Hz AC electricity. An MTU can be
used as a support device to satisfy the peak demand, or as a
distributed generator in a micro grid [9,10].3. Permanent magnet synchronous generator
The considered model for the generator is a 2 pole
Permanent Magnet Synchronous Machine (PMSM) with a non-
silent rotor. At 96,000 rpm, the machine output is 30 kW and
its terminal line to line voltage is 480 V. The electrical and
mechanical parts of the machine are each represented by two
equations in state spacemodel. Themodel assumes that the flux
established by the permanentmagnet in the stator is sinusoidal.
The following equations, expressed in the rotor reference frame
(d− q frame), are used to model the PM synchronous machine
[6,11,12].
Electrical equations:
d
dt
id = 1Ld vd −
R
Ld
id + LqLd pwr iq, (1)
d
dt
iq = 1Lq vq −
R
Lq
iq − LdLq pwr id −
λpwr
Lq
, (2)
Te = 1.5p(λiq + (Ld − Lq)iqid). (3)
Mechanical equations:
d
dt
wr = 1J (Te − Fwr − Tm), (4)
dθ
dt
= wr , (5)
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Ld, Lq: d and q axis inductance,
R: resistance of the stator windings,
id, iq: d and q axis currents,
vd,vq: d and q axis voltages,
wr : angular velocity of the rotor,
λ: induced flux in the stator windings by the permanent
magnets,
p: number of pole pairs,
Te: electromagnetic torque,
J: combined inertia of rotor and load,
F : combined viscous friction of rotor and load,
θ : rotor angular position,
T : mechanical torque.
4. Power condition system
As discussed in previous section, in an MTU, one of the
important parts of the system is the combination of two power
electronic converters, the rectifier and the voltage inverter.
These converters have to convert the high frequency AC
terminal voltage, provided by the PM generator, to the constant
DC voltage at a DC link by the PWM rectifier, and then this
constant DC voltage is inverted and fed to an AC load of a fixed
frequency and voltage amplitude by using the voltage inverter.
4.1. Control strategy of PWM rectifier
In recent years, different control strategies have been
proposed for this type of rectifier, such as Voltage Oriented
Control (VOC), Virtual Flux Oriented Control (VFOC), Voltage
based Direct Power Control (V-DPC) and Virtual Flux based
Direct Power Control (VF-DPC) [13–15]. Although these various
control methods aim to achieve the high performances, such
as high power factor, low THD and near sinusoidal current
waveform, their principles are different [13]. Among them, the
Virtual Flux basedDirect Power Control (VF-DPC) seems to have
more advantages than other control techniques, and its function
is extensively described in [14]. Hence, in this paper, the PWM
rectifier with VF-DPC strategy is adopted to rectify the high
frequency voltages of the high speed PM generator driven by
the micro turbine.
Direct Power Control is based on the control of the
instantaneous active and reactive power. In DPC, there are
no internal current control loops and no PWM modulator
block, because the converter switching states are selected by a
switching table based on the instantaneous error between the
commanded and estimated values of active and reactive power.
Therefore, the key point of the DPC implementation is a correct
and fast estimation of the active and reactive line powers [15].
VF-DPC algorithm is based on the assumption that line voltage
with the input inductances can be noticed as the quantities of a
virtual AC motor (Figure 1). The integration of the line voltage
gives a virtual flux linkage of a virtual AC motor, based on the
measured DC-link voltage and the duty cycle of the modulators
Sa, Sb, Sc . The virtual flux ψL and its components in stationary
α–β coordinate system, as shown in Figure 3, are calculated as
follows:
ψL =

ψLα
ψLβ

=


uLαdt
uLβdt
 , (6)Figure 3: Vector diagram of VF-DPC.
where:
uL =

uLα
uLβ

=

2
3
1
1
2
0
√
3
2
uabubc

. (7)
In practice, R can be neglected, so, as shown Figure 3, line
voltage uL is equal to the sum of the inductance voltage uI and
the converter’s input voltage uS .
uL = uI + uS, (8)
uI = LdiL(t)dt , (9)
uS =
uA
uB
uC

= 1
3
 2 −1 −1
−1 2 −1
−1 −1 2
Sa
Sb
Sc

Udc . (10)
Eq. (8) can be transformed into α–β frame:
uLα = Ldiαdt +
√
3
2
Udc

Sa − 12 (Sb − Sc)

, (11)
uLβ = Ldiαdt +
1√
2
Udc(Sb − Sc). (12)
Similar to Eq. (8), the virtual flux equation can be presented as:
ψL = ψI + ψS, (13)
and consequently:
ψLα = LiLα +
 √
3
2
Udc

Sa − 12 (Sb − Sc)

dt, (14)
ψLβ = LiLβ +

1√
2
Udc(Sb − Sc). (15)
Also, the instantaneous values of the active and reactive power
are estimated by the following equations:
p = Re

uL.i∗L

, (16)
q = Im

uL.i∗L

, (17)
where * denotes conjugate of the line current vector. The line
voltage can be expressed by the virtual flux.
uL =
dψL
dt
= d
dt

ψL.ejwt
 = dψL
dt
ejwt + jwψLejwt
= dψL
dt
ejwt + jwψL, (18)
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Sp Sq θ1 θ2 θ3 θ4 θ5 θ6 θ7 θ8 θ9 θ10 θ11 θ12
1 0 001 101 101 100 100 110 110 010 010 011 011 0011 111 111 000 000 111 111 000 000 111 111 000
000
0 0 101 100 100 110 110 010 010 011 011 001 001 1011 100 110 110 010 010 011 011 001 001 101 101 100Figure 4: Block diagram of VF-DPC scheme.
where ψL denotes the space vector and ψL is its amplitude.
uL = dψLdt

α
+ j dψL
dt

β
+ jw ψLα + jψLβ , (19)
uLi∗L =

dψL
dt

α
+ j dψL
dt

β
+ jw ψLα + jψLβ iLα − jiLβ. (20)
For sinusoidal and balanced line voltages, the derivatives of the
flux amplitude are zero. The instantaneous active and reactive
powers can be computed as:
p = w ψLα iLβ − ψLβ iLα , (21)
q = w ψLα iLα + ψLβ iLφ . (22)
Figure 4 shows the block diagram of VF-DPC. In this configura-
tion, the DC-bus voltage is regulated by controlling the active
power reference. By fixing the reactive power reference at zero,
the power factor is kept to unity. Then the active and reactive
power commands are compared with the estimated values of
p and q. The differences between the commands and the esti-
mated feedback power values are entered to the hysteresis con-
trollers. The digitized output of hysteresis blocks and sector of
virtual flux vector position enter the switching table [16]. These
sectors are shown in Figure 5. By using the switching table, as
shown in Table 1, optimum voltage vector is selected to con-
trol the active and reactive power. Consequently, by controlling
the active and reactive power, the DC voltage and power factor
can be controlled, respectively. The angle of the line virtual flux
vector is given by the following equation:
γψ = tan−1

ψβ
ψα

. (23)Figure 5: Twelve sectors of the voltage plane used in VF-DPC.
Figure 6: Voltage control scheme.
4.2. Control strategy of PWM inverter
The voltage source inverter, used here, consists of six IGBTs
with six anti-parallel diodes. The switching method is Pulse
Width Modulation with a 2 kHz carrier. The load voltage is
regulated at 480
√
2 V, by a PI regulator and using abc to
dq and dq to abc transformations, as shown in Figure 6. The
output of the voltage regulator is a vector containing three
modulating signals used by the PWM generator, to generate
the gate pulses. The harmonics generated by the inverter are
around of multiples of 2 kHz. These harmonics can be filtered
by an LC filter [12].
5. Simulation results
The performance of the PWM rectifier connected to the
high speed PM synchronous generator has been evaluated by
developing a simulation file in MATLAB/SIMULINK software.
The main electrical parameters of the generator and PWM
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Components Rating values
Un 480 V
In 36 A
fn 1600 Hz
P 2
Ld , Lq 6.875×10−4 H
Rs 0.25
λ 0.0534 Wb
Table 3: Parameters of PWM rectifier used in simulation study.
Components Rating values
Inductance of reactors L 580 µH
DC-Link capacitor 4000 µF
Load resistance RL 42
Switching frequency 30 kHz (average)
DC-Link voltage 760 V DC
Figure 7: DC-Link voltage.
Figure 8: Ripple of DC-link voltage.
power rectifier used for simulation are given in the Tables 2 and
3, respectively.
Figure 7 shows the DC link voltage. As it can be seen in
this figure, the DC link voltage, after a short transient time, is
regulated at its reference value (760 V). The ripple of this DC
voltage is shown in Figure 8. This ripple is less than 0.5 V.Figure 9: Input phase current of the rectifier.
Figure 10: FFT analysis of line current of phase A of the rectifier.
Figure 11: Instantaneous of active and reactive power in steady state
operation.
Figure 9 shows the input phase current of PWM rectifier. As
can be seen in this figure, the current wave has a sinusoidal
shapewith very lowharmonic distortion. FFT analysis is applied
to line current of phase A of the rectifier. This analysis gives
14.5 A as a RMS value for the fundamental component of line
current and a THD about 2.86% that is shown in Figure 10.
Figure 11 shows the instantaneous of active and reactive
powers in steady state operation. The average of the active
power is about 14 kW.
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Figure 12: Step response with respect to variation of load power. (a) Load increasing; (b) load decreasing; and (c) DC-side voltage.The performance of the proposed systemwas tested for step
change of commanded active power from 14 to 28 kW at t =
0.5 s and back to 14 kW at t = 1 s.
Figure 12 presents a step response for PWM rectifier
operation under two-step changes of the load. It is visible that
the active power follows the reference value, correctly and
the reactive power remains near to the reference value, evenunder the step change of the load. The variation of DC link
voltage under the step change of the load is shown in this figure.
Increasing the load power from 14 to 28 kW causes a voltage
drop from 760 to 750 V at DC link.
The DC bus voltage could be controlled in constant reference
value, even under step changes of load, by adding an extra PI
controller in d-side. In this case, when the load increases from
826 D.A. Khaburi, A. Nazempour / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 820–828Figure 13: Block diagram of VF-DPC scheme by extra PI controller.Figure 14: DC-side voltage under step change of the load by using an extra PI regulator.Figure 15: Connecting an AC load via a voltage inverter.14 to 28 kW, the control system changes the PI controller and
uses the extra PI controller, and canmaintain theDC bus voltage
in the reference value (760 V DC), and vice versa. The block
diagram and the simulation result of the load change are shown
in Figures 13 and 14, respectively.
The next step of simulation is connecting a voltage inverter
and an AC load to the above rectifier, as shown in Figure 15. This
inverter generates a three-phase voltage at 50 Hz frequency
from DC voltage. Figure 16 shows the three-phase voltages
and currents at load side. As shown in Figure 17, a purely
sinusoidal current with a low THD is being delivered to theload. Figure 18 shows the active and reactive power injected to
the load.
6. Conclusion
In this essay, a PWM rectifier is used to rectify the high
frequency power produced by a micro turbine unit. A VF-
DPC scheme is adopted to control the rectifier. By using this
algorithm, the output DC-link voltage can be maintained at the
reference value, consequently the high quality AC current and
power can be delivered to the load. Moreover, by applying this
D.A. Khaburi, A. Nazempour / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 820–828 827Figure 16: Three-phase voltages and currents at the AC-side load.Figure 17: Inverter voltage and current output at 50 Hz frequency.Figure 18: Active and reactive power injected to the load.algorithm, current harmonics of the generator are decreased,
so the temperature of the generator is controlled the same way
as power losses are reduced. Excellent dynamic response and
decoupled control of active and reactive powers are achievedunder the step changes of the load, as demonstrates by the
simulation results. Furthermore, this proposed technique has
the capability of keeping the DC side voltage constant, even
under a large step change of the load.
828 D.A. Khaburi, A. Nazempour / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 820–828References
[1] Rodriguez, J., et al. ‘‘PWM regenerative rectifiers: state of the art’’, IEEE
Transactions on Industrial Electronics, 52(1), pp. 5–22 (2005).
[2] Singh, B., et al. ‘‘A review of three-phase improved power quality AC–DC
converters’’, IEEE Transaction on Industrial Electronics, 51(3), pp. 641–660
(2004).
[3] Malinowski, M., et al. ‘‘Simple direct power control of three-phase PWM
rectifier using space-vector modulation (DPC-SVM)’’, IEEE Transaction on
Industrial Electronics, 51(2), pp. 447–454 (2004).
[4] Nikkhajoei, H. and Iravani, R. ‘‘Electromagnetic transients of a micro-
turbine based distributed generation system’’, International Conference
on Power System Transients (IPST 05) in Montreal, Montreal, Canada
(2005).
[5] Bai, H., et al. ‘‘Control strategy of combined PWM rectifier/inverter for a
high speed generator power system’’, 2nd IEEE Conference on Industrial
Electronics and Applications, ICIEA, pp. 132–135 (2007).
[6] Fethi, O., et al. ‘‘Modeling and simulation of the electric part of a grid
connected microturbine’’, IEEE Power Engineering Society General Meeting,
2, pp. 2212–2219 (2004).
[7] Kumar, A., et al. ‘‘Modeling and control of micro-turbine based distributed
generation system’’, International Journal of Circuits and Signal Processing,
3(2), pp. 65–72 (2009).
[8] Zhang, K. and Chang, L. ‘‘Harmonic current reduction for a PWM rectifier
with very low carrier ratio in a microturbine system’’, IEEE Conference on
Electrical and Computer Engineering, pp. 587–590 (2005).
[9] Pai, F. and Huang, S. ‘‘Design and operation of power converter for
microturbine powered distributed generator with capacity expansion
capability’’, IEEE Transaction on Energy Conversion, 23(1), pp. 110–118
(2008).
[10] Torres, E., et al. ‘‘Dynamic performance of a microturbine connected to a
low voltage network’’, International Conference on Renewable Energies and
Power Quality (2008).[11] Ong, C., Dynamic Simulation of Electric Machinery Using Matlab/Simulink,
Prentice Hall (1977).
[12] Gaonkar, D.N. and Patel, R.N. ‘‘Modeling and simulation of microturbine
based distributed generation system’’, IEEE Proceedings of Power India
Conference, pp. 1–5 (2006).
[13] Malinowski, M., et al. ‘‘A comparative study of control techniques for PWM
rectifiers in AC adjustable speed drives’’, IEEE Transactions on Industrial
Electronics, 18(6), pp. 1390–1396 (2003).
[14] Malinowski, M., et al. ‘‘Virtual flux based direct power control of three-
phase PWM rectifiers’’, IEEE Transaction on Industry Applications, 37(4),
pp. 1019–1027 (2001).
[15] Noguchi, T., et al. ‘‘Direct power control of PWMconverterwithout power-
source voltage sensors’’, IEEE Transaction on Industrial Electronics, 34(3),
pp. 473–479 (1998).
[16] Baktash, A., et al. ‘‘New switching table for improved direct power control
of three-phase PWM rectifier’’, Australian Journal of Electrical & Electronics
Engineering, 5(2), pp. 161–167 (2009).
Davood Arab Khaburiwas born in 1965. He has received his B.Sc. in 1990 from
Sharif University of Technology in Electronic Engineering his M.Sc. and Ph.D.
degrees from ENSEM, INPEL, Nancy, France in 1994 and 1998, respectively. He
has joined UTC, Compiegne, France (1998–1999). Since January of 2000 he has
been a faculty member in Electrical Engineering Department of Iran University
of Science & Technology (IUST). His research interests are power electronics,
motor control and DSP applications in digital control.
Amir Nazempourwas born in Tehran in 1981. He has received his B.Sc. degree
in electrical engineering from Islamic Azad university, Saveh, Iran in 2006 and
his M.Sc. degree in electrical engineering from Iran University of Science and
Technology in Tehran in 2010. His research interests are renewable energy,
wind energy, combined heat and power, power electronic and motor control.
